ABSTRACT: Marine ranching of striped jack Pseudocaranx dentex was undertaken at the Goto Station of the Japan Sea-Farming Association between 1988 and 1999. This stocking method aimed at protecting the released fish from predators and preventing dispersion by feeding for a certain period. The present study examined the reduction process in the number of ranched striped jack and the conditions required to keep the fish in the ranched area. We estimated the sighting rate and the dispersion coefficient from the ranched area per day from 1993 to 1999, on the assumption that natural mortality can be ignored, using the observed number of fish from the sighting observation. The number of fish that remained was represented by a decreasing exponential function of day. This decreasing process was divided into six phases at most. We found two phases when the number of fish that remained markedly decreased in 1993 and 1995. In the first phase, the dispersion was caused by lack of food due to an increased food demand caused by the growth of fish. In the second phase, the ranched fish moved out from the ranched area due to the cessation of feeding. This dispersion was also observed in other years when feeding was stopped.
INTRODUCTION
It has been documented that the dispersion of fish immediately after release and the capture of smallsized fish reduce the effectiveness of marine fish stocking. [1] [2] [3] [4] [5] [6] Kitada et al. 6 estimated the mortality coefficient of red seabream Pagrus major immediately after release into areas of Hakata and Yashima Islands in the Seto Inland Sea. The natural mortality coefficient during the 14 days after release was estimated to be larger than after this period. This suggests that dispersion immediately after release is an important factor for reducing the effectiveness of fish stocking.
In order to reduce the initial dispersion immediately after release, a new stocking method was proposed for striped jack Pseudocaranx dentex by the Japan Sea-Farming Association (JASFA), which succeeded in mass-producing juveniles of the species. 3 This stocking method, which we termed 'marine ranching', aims to protect the fish released from predation and prevent initial dispersion after release by feeding the released fish for a certain period. 4 We undertook research concerning the ranched striped jack in Nunoura Bay, Fukue Island ( Fig. 1 ), Nagasaki Prefecture, western Japan, from 1988 to 1999. Sighting observations were undertaken for ranched populations from 1988 to 1999 in order to estimate the number of fish that remained in the ranched area.
Many methods have been proposed for estimating the sighting rate and the mortality coefficient from sighting obserbvations. [5] [6] [7] [8] [9] The present study used the statistical method to estimate the sighting rate and the mortality coefficient proposed by Kitada et al. 6 and Kitada. 7 The feeding periods were more than 1 year in trials before 1991 but less than 3 months in trials after 1993. The present study considers the decreasing process of ranched striped jack and conditions under which the fish remained around the ranched area from comparisons among seven ranched populations from 1993 to 1999, where the feeding period was less than 3 months.
MATERIALS AND METHODS

Ranched area
We performed the marine ranching experiments in Nunoura Bay from 1988 to 1999. This bay is located in the south-eastern part of Fukue Island. Nunoura Bay is very narrow, with a width at the bay entrance and length of 0.5 and 1.5 km, respectively. The maximum depth is 30 m at the bay entrance and 22 m at the center of the bay. The bottom material is composed of sand at the bay entrance and mud at the center of the bay. The average surface water temperature is 28-29∞C in summer and 12-13∞C in winter. Tamanoura Bay, which contains Nunoura Bay, is used for the trap-net fishery and aquaculture, such as yellowtail Seriola quinqueradiata, red seabream Pagrus major, puffer Takifugu rubripes and striped jack.
The ranched area is located in the middle of Nunoura Bay approximately 100 m off the shore line (Fig. 1) . It is composed of 48 rectangular net cages for fish rearing in captivity by the JASFA Goto Station, which cover an area of 3240 m 2 (27 m ¥ 120 m). Six circular net cages, which have a diameter of 12 m, lie next to the rectangular net cages on the bay entrance side. These circular net cages and half the rectangular net cages on the bay entrance side are used for blood stock management throughout the year. Juveniles are reared in the other rectangular net cages from spring to autumn. Planks are laid between net cages in the ranched area so that the observer can easily move from cage to cage for observation. Automatic feeding machines were placed in the middle of the ranched area.
Releasing procedure
An anchor-type tag (stick length 15 mm) was attached to all fish 1 or 2 weeks prior to release. The tagged fish had been kept in the net cages at (or next to) the release point. To release tagged fish, the net of the cage was slowly lowered to a depth of 4-5 m while the feeding machines were driven, in order to prevent panic dispersion from the release point. The lowered net was removed a few days after release. Table 1 shows the number of ranched fish, dates of release and cessation of feeding, feeding period and fork length at release and cessation of feeding from 1993 to 1999. Dry pellets (Marine, Maruha, Tokyo, Japan) were fed to all populations after release using two or four automatic feeding machines set in the center of the ranched area, except for the population in 1997 without feeding after release. Feeding machines operated for 8 h/ day (8 : 00-12 : 00 and 14 : 00-18 : 00 h) during the feeding period in each year. The amount of pellets fed per day was 3.0% of the estimated total weight of released fish, although this was limited to 60 kg/day.
Sighting observations
Sighting observations were conducted in the ranched area in order to evaluate the number of fish that remained after release. We continuously recorded the number of fish and their positions by sighting observation on the net cage from 60 to 90 min before sunrise to 60-90 min after sunset with an interval of 1-2 h. The same observation was also performed at 21 : 00 h and, thus, we observed the number of fish and their positions 10-15 times a day. Whereas this survey was usually performed once a week, the interval of the survey was 1-3 days when we expected that the behavior of fish would change suddenly, for example a few days after release or after cessation of feeding. This sighting observation was continued until the released fish were not detectable by sight in the ranched area. We used the maximum observed number of all sighting observations in the morning of each day as the number of observed fish in that day.
Methods
We observed the number of fish that remained in the ranched area by eye, although it was not possible to count all the fish. The observer counted a part of the released fish that remained. Here, we assume that the sighting rate, which is defined as the rate of number of fish observed to the number of fish that remained, does not change during the observation period. Consequently, the observed number of fish t days after release, n t , can be represented by the following equation:
where a, N 0 , M and T are the sighting rate, the initial released population size at t = 0, the dispersion coefficient per day and the last day when the sighting observations were available, respectively. We defined Pr t as the probability that the fish of n t were observed with sighting observation in the ranched area t days after release for the initial released number of fish N 0 . The dispersion coefficient M in eqn 1 involves the natural mortality and dispersion from the ranched area. The period in which the fish were observed was so short from 1993 to 1999 that we assumed natural mortality can be ignored. Thus, M means the dispersion coefficient from the ranched area per day.
In the marine ranching experiment for striped jack, the dispersion coefficient would be altered by factors such as environmental changes and the cessation of feeding. Here, we derived a model of the ranched population in which the dispersion coefficient M i switches at the change point (day) t i (i = 1, 2, 3, . . . , k). That is, the observed number is shown as follows: [2] where t 0 = 0. The parameters to estimate in this equation are a, M i (i = 0, 1, 2, . . . , k) and t i (i = 1, 2, 3, . . . , k). Here, k indicates the change point number. Thus, the present study deals with the nested models of (k + 1) represented by eqn 2.
We used the likelihood that L(a,t i ,M i ,f) proposed by Kitada 7 to estimate the parameters of a, M i and t i with the maximum likelihood estimation method, which is represented as: [3] This normalized likelihood function considers the effect of overdispersion f.
5-8, 10 Akaike Information Criterion (AIC) 11 was used to choose the best model in (k + 1) nested models. If AIC changed little with k, we compared the models with a log-likelihood ratio test. Table 2 shows the AIC for the change point number k from 1993 to 1999. The AIC for all populations decreased with the change point number. The 1993, 1994, 1995, 1996, 1997, 1998 and 1999, respectively. Because there was no minimum AIC for any k, we could not determine the model that best fits the depression process for the ranched populations. Therefore, the likelihood ratio test was applied to choose the best model. In the case of the population released in 1993, we calculated the log-likelihood ratios of the model both for k = 3 to that of k = 4 and k = 4 to that of k = 5. The hypothesis that the model for k = 3 is true was rejected from the likelihood ratio test at the 5% significance level. In addition, the hypothesis that the model for k = 4 is true was not rejected from the likelihood ratio test at the 5% significance level. Thus, we estimated the change point number in 1993 to be 4. In the same way, the change point numbers were estimated to be 2, 4, 2, 1, 3 and 1 for 1994, 1995, 1996, 1997, 1998 and 1999, respectively (Table 3) . Table 3 shows estimates of the sighting rate from 1993 to 1999. The sighting rate ranged from 0.341 to 0.952. The estimated sighting rate in 1994 was 0.341 but the sighting rate in other years was greater than 0.6. Although the sighting rate fluctuated to some extent, it increased with year except for 1994. From 1997, the rate was almost 0.9 and seems to be relatively stable. Figure 2 shows the observed number of fish and the theoretical number obtained by eqns 1 and 2 in each year. Table 3 represents the estimates of the change points and dispersion coefficients of the ranched populations from 1993 to 1999. The estimated dispersion coefficient immediately after release, M 0 , ranged from 4.95 ¥ 10 -3 to 3.49 ¥ 10 -2 per day, except for 1997, when the food was not provided ( Table 3 ). The estimate of M 0 in 1994 was the greatest in all populations, except for the estimate for 1997. With the exception of M 0 for those years, the average of M 0 was estimated to be 1.01 ¥ 10 -2 . This indicates that 1.00% of fish moved out from the ranched area per day.
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Sighting rate
Change point and dispersion coefficient
The dispersion coefficients before the cessation of feeding were relatively large in the periods from 26 to 34 and from 37 to 43 days in 1993 and 1995, which were estimated to be 6.88 ¥ 10 -2 and 9.72 ¥ 10 -2 per day, respectively ( Table 3 ). The populations released in 1993 and 1995 had been provided with pellets for 89 and 58 days. The sudden decrease in the number of fish that remained before the cessation of feeding was not observed in other populations that had been fed for less than 40 days, except for the population released in 1998 We found the period when the dispersion coefficient was estimated to be close to 0 before the cessation of feeding, which indicated that almost all remaining fish did not disperse from the ranched area (Fig. 2) . This period appeared from 34 to 92, 18-58, 43-57, and 47-92 days after release in 1993, 1994, 1995 and 1998, respectively (Table 3) . With the exception of the population released in 1994, the feeding period was more than 2 months in those years. We did not find such a period for the population released in 1996, 1997 and 1999 when the feeding periods were 37, 0 and 15 days, respectively. This period ended once feeding food was stopped in 1993, 1995 and 1998. The dispersion coefficient increased immediately after feeding was stopped except for the case of the population in 1994 (Fig. 2) . The dispersion coefficients immediately after the cessation of feeding were 5.00 ¥ 10 -2 , 0.416, 0.255, 0.148, 0.352, 0.635 per day in 1993, 1995, 1996, 1997, 1998 and 1999, respectively (Table 3 ). The dispersion coefficient in 1993 was the smallest for all the ranched populations. The average of dispersion coefficient was 0.282 per day, which indicated that 24.6% of fish moved out from the ranched area per day. The period when such dispersion appeared ranged from 5 to 25 days and the average period was 12 days.
DISCUSSION
The present study evaluated the sighting rate and the dispersion coefficient of the ranched striped jack from sighting observations. Kitada 5 estimated the sighting rate and the natural mortality coefficient of ranched strip jack by the weighted least squares method. In contrast, these parameters were also obtained on the assumption that the sighting probability is binomially distributed. 8 In addition, Tanaka et al. 9 and Farebrother 12 evaluated the sighting rate and the mortality coefficient on the assumption that the recapture or sighting probability is multinomially distributed. Kitada 7 concluded that eqn 3 gives good estimates compared with the binominal distribution and multinomial distribution models of Pr t in the sighting observation for the released fish. Thus, we used eqn 3 as the likelihood function for estimation of the sighting rate and the dispersion coefficient.
The released population size in 1994 (1.60 ¥ 10 4 ) was remarkably small compared with that in other years. Therefore, we again performed the marine ranching experiment in 1996 in which the feeding period was approximately 30 days. To compare the sighting rates and the dispersion coefficients among the populations in the following, we use estimates of sighting rates and dispersion coefficients obtained in 1996 instead of those obtained in 1994.
Comparisons of the dispersion coefficients in a population and those among populations reveal the conditions that are required to keep the ranched fish around the ranched area as follows.
The most important factor is the total amount of feeding. We found that the dispersion coefficients before the end of feeding were relatively large in 1993 and 1995. That is, some of the ranched fish (6.68 and 9.26%) in those years moved out from the ranched area before the cessation of feeding. Here, let us compare the feeding rate, which is defined as the rate of the amount of food to the estimated total weight of fish that remained in the ranched area, when this dispersion was started and finished. The total weights of fish that remained were estimated to be 1700 and 2600 kg and, thus, the amount of food fed per day (feeding rates) were 3.0% of the total weight of fish that remained 26 days after release in 1993 and 2.3% at 34 days after release in 1995. In contrast, the total weights of fish were calculated to be 1300 and 1500 kg when this dispersion was suspended in 1993 and 1995, respectively. Thus, the feeding rates were 3.9% at 34 days after release in 1993 and 4.0% at 43 days after release in 1995. This phenomenon indicates that the ranched fish migrate from the ranched area when the feeding amount decreased to 3.0% of total weight of fish that remained and this dispersion was suspended when the feeding rate was increased to 4.0%. Ochiai and Umeda 13 indicated that the feeding activity of striped jack strewed bait declines when the water temperature is less than 18∞C in the fishing ground of a coastal fishery in Kohchi Prefecture. The water temperature in the ranched area was observed to be more than 25∞C when this dispersion was started in 1993 and 1995. Consequently, we concluded that this dispersion of ranched fish was caused by a lack of food due to the increase in the food demand with growth. In addition, the dispersion coefficients immediately after the cessation of feeding were largest during the observation. This fact means that a large proportion of ranched fish (30.3% on average) moved out from the ranched area due to a sudden shortage of food.
In contrast, the changes in food amount have another effect on the initial dispersion of released fish as follows. We obtained the dispersion coefficients immediately after release, M 0 , of the ranched striped jack population. Kitada et al. 6 obtained the estimates of the natural mortality coefficient immediately after release from tag recovery data of red seabream. Two populations of red seabream were released into areas of Hakata and Yashima Islands in the Seto Inland Sea in 1989. The natural mortality coefficients of two released red seabream populations were estimated to be 0.157 and 0.148 per day until 14 days after release, respectively. Because the period was so short that the actual natural mortality coefficient could be relatively small compared with the dispersion coefficient, the estimates obtained in the populations in the Seto Inland Sea can be considered as the dispersion coefficients. The estimates of M 0 obtained in the present study, except those for obtained in 1997, were smaller than the natural mortality coefficients estimated by Kitada et al. 6 This suggests that the feeding for released fish prevents the dispersion from the ranched area immediately after release of striped jack. Therefore, the releasing method developed in the marine ranching is applicable to stocking of other species in order to prevent a panic dispersion immediately after release.
The second issue is the technical improvement of nursery rearing and release. We implicitly assumed that the sighting rate was the product of net sighting rate and the remaining rate, which is the rate of the number of fish remaining immediately after lowering the cage-net to the total number of released fish. Thus, if the net sighting rate can be regarded as constant, the sighting rate indicates an index of the remaining rate immediately after release in each year. That is, the increase in sighting rate obtained in the present study suggests an improvement of the releasing technique to prevent panic dispersion immediately after release.
Another important issue is the objects that attract released fish. Floating objects, such as bamboo rafts and flotsam, attract fish of many species.
14-18 Masuda et al. 19 observed that young striped jack schooled around a ship wreck off the Ogasawara Islands. Observations 20, 21 and laboratory experiments 22 using hatchery raised striped jack showed that objects that can be recognized by fish are indispensable for attracting the released striped jack. In the marine ranching experiments in Nunoura Bay, the net cages for fish culture in the ranched area have the same function as the attracting objects described above. Therefore, objects such as net cages should be constructed so that released fish can remain around the area after releasing.
